. A third class of proteins that the structure of rDNA silent chromatin changes comprises the histones. The N termini of histones H3 during the cell cycle. Our findings suggest that a proand H4 are required for silencing and are thought to tein complex shown to regulate exit from mitosis is be involved in both the initiation and spreading steps also involved in gene silencing. Much less is known about the mechanism and biologi-
Esposito (1989) originally discovered that SIR2 is reagreement with these results, immunolocalization experiments showed that the Net1 protein was localized quired for repressing mitotic and meiotic intrachromosomal recombination within the rDNA repeats. This obto a fibrous subdomain of the nucleolus. Sir2, which has previously been localized to a nucleolar subdomain servation provided the first clue that a silencing-related mechanism may operate in regulating rDNA chromatin (Gotta et al., 1997), also localized to this fibrous structure but partially dissociated from it and dispersed throughstructure. More recently it has been shown that expression of a number of pol II-transcribed genes is silenced out the nucleus in the anaphase period of the cell cycle. Net1 appears to be a multifunctional protein that reguwhen they are inserted within the rDNA repeats (Bryk et al., 1997; Fritze et al., 1997; Smith and Boeke, 1997), lates several aspects of the organization and function of the nucleolus. For example, in addition to loss of rDNA and that SIR2 and UBC2/RAD6 are required for this silencing. rDNA silencing does not require SIR3 or SIR4, silencing, the restricted nucleolar localization of Nop1, a major nucleolar protein, was partially lost in net1⌬ both of which are absolutely required for telomeric and mating-type silencing (Aparicio et al., 1991; Fritze et al., cells, suggesting that Net1 also plays a role in maintaining nucleolar integrity. Furthermore, Net1 is also as-1997; Smith and Boeke, 1997) , and the role of histones in this process has not yet been fully evaluated. Thus, sociated with the Cdc14 phosphatase and regulates exit from telophase (Shou et al., 1999 [this issue of Cell]). The a distinct silencing mechanism operates at rDNA that uses some of the same components as silencing at the complex containing Net1, Sir2, and Cdc14 has therefore been named RENT, for regulator of nucleolar silencing silent mating-type loci and telomeres.
The general requirement for Sir2 in all three examples and telophase exit (Shou et al., 1999 and this report). Like Net1 and Sir2, we found that Cdc14 was preferentially of silencing described in S. cerevisiae, together with the universal conservation of SIR2-like genes (Brachmann associated with rDNA. et al., 1995), suggests that Sir2 plays a pivotal role in silencing that is likely to be conserved in other organResults isms. Sir2 forms a complex with the Sir3 and Sir4 proteins that mediates the conversion of telomeric and doIdentification of Net1 as a Sir2-Binding Protein We used protein affinity chromatography to identify pronor mating-type DNA regions into silent chromatin (Moazed et al., 1997; Strahl-Bolsinger et al., 1997). We teins that interact with Sir2. We previously reported that a nonoverlapping set of proteins bound to affinity colhave identified a new Sir2 protein complex that is distinct from the previously described Sir2 complexes conumns composed of GST-Sir2 or GST-Sir4-C-terminal domain (Moazed and Johnson, 1996 inserted within the rDNA repeats was efficiently sisequence identity (50% similarity).
lenced, and the strain grew poorly on medium lacking To characterize further the interaction of Net1 with Uracil (Ura Ϫ ) but grew well on medium containing Sir2, we constructed yeast strains in which the endoge-5-fluoro-orotic acid (5-FOA), which counterselects against nous copy of the NET1 gene was modified to encode a Ura ϩ strains ( Figure 2D , row 2). An identical strain carprotein with either three copies of the hemagglutinin rying a nonsilenced URA3 reporter gene, inserted at (HA) epitope at its C terminus or nine copies of the Myc LEU2, grew well on Ura Ϫ medium and did not form coloepitope at its N terminus. Unlike net1⌬ cells, which grew nies on 5-FOA medium ( Figure 2D , row 1). In contrast, very slowly (see below), the NET1-HA3 and Myc9-NET1 net1⌬::HIS3, mURA3::LEU2 and net1⌬::HIS3, mURA3:: strains had no growth defect suggesting that the tagged rDNA strains were indistinguishable from each other on proteins were functional. These strains were used to Ura Ϫ media ( Figure 2D We took advantage of this phenomenon to test whether we constructed a heterozygous diploid strain in which the requirement of NET1 for rDNA silencing could be one of the two copies of the NET1 gene was entirely separated from its growth defect by assessing silencing replaced with HIS3. Haploid progeny resulting from the in diploid strains that had one copy of the NET1 gene sporulation of this diploid strain produced two fastdeleted. Unlike net1⌬ haploid cells, net1⌬/NET1 ϩ hetgrowing colonies (Figure 2A ) and two slow-growing colerozygote diploids had no growth or cell separation deonies that were only visible after 5 days of growth (Figure fect (data not shown). However, compared to NET1 ϩ / 2B). In every case the HIS3 marker cosegregated with NET1 ϩ , mURA3::rDNA diploids, net1⌬/NET1 ϩ , mURA3:: slow growth, indicating that NET1 was required for norrDNA heterozygotes displayed a 500-to 1000-fold remal growth rates. net1⌬ haploid colonies contained cells duction in their ability to form colonies on 5-FOA medium of abnormal size and morphology that often formed exand grew as well on Ura Ϫ medium as cells containing tended chains (Figure 2C) .
the URA3 reporter at the nonsilenced LEU2 locus ( Figure  2E , compare rows 1-3). For comparison, as reported Standard assays used for assessing silencing are Figure 2E ). These results indicated that rDNA silencing was highly sensitive to a reduction toxicity in all the cells within the chain. Deletion of one copy of either NET1 or SIR2 had no significant effect on in the dosage of NET1 and established a role for NET1 in rDNA silencing independent of its role in growth.
silencing of a telomeric URA3 gene in a diploid strain (data not shown). The effect of deletion of NET1 on telomeric silencing was also tested. net1⌬ cells containing URA3 near a telomere grew slower on Ura Ϫ medium than did net1⌬
Net1 
cross-linking and immunoprecipitation assay to test
SIR2 ϩ strain or a sir2⌬ strain, indicating that Net1 associated with rDNA independently of Sir2 ( Figure 3A ). Net1 whether Net1 is associated with some or all of these regions. We precipitated formaldehyde-cross-linked solhad a similar association pattern with DNA fragments within the 25S rDNA transcribed region and did not assouble chromatin using an HA-tagged Net1 protein (Net1-HA3). Control immunoprecipitations of chromatin were ciate with a DNA fragment located 1.4 kb from the right arm of chromosome VI; in addition, both Net1 and Sir2 also carried out using an anti-Sir2 antibody and with strains that either lacked an HA-tagged Net1 or had a cross-linked preferentially to a single copy URA3 gene inserted at rDNA compared to the same URA3 gene deletion of the SIR2 gene. The results showed that Net1 is associated with rDNA ( Figure 3A and data not shown).
inserted at a nonsilenced locus (data not shown). However, unlike Sir2, immunoprecipitation of Net1-HA3 did not coprecipitate telomeric DNA fragments near the right arm of chromosome VI ( Figure 3B and data not Net1 Tethers Sir2 to rDNA Since Net1 associated with rDNA independently of Sir2, shown). Neither Net1-HA3 nor Sir2 was associated with nonsilenced loci, including ACT1, GAL1, or the mildly we asked whether Net1 was required to localize Sir2 to rDNA. To test this possibility, we compared the crossrepetitive CUP1 gene (Figure 3B Figure 3C ) but had no effect on the association of Sir2 with a telomeric DNA fragment ( Figure 3D ). Similarly, 3A). Interestingly, immunoprecipitation of rDNA fragments with Net1-HA3 occurred with the same efficiency cross-linking of Sir2 to rDNA was greatly reduced in net1-1, an allele of NET1 that was also defective in rDNA regardless of whether chromatin was prepared from a silencing (data not shown, see Figure 2D ). NET1 therefore acts upstream of SIR2 and provides the sole pathway for the localization of Sir2 to rDNA.
Cdc14 Is Preferentially Associated with rDNA
Net1 has been independently identified as a Cdc14-associated protein that regulates exit from mitosis (Shou et al., 1999) . We used the chromatin cross-linking and immunoprecipitation assay to determine whether Cdc14, like Net1 and Sir2, is associated with rDNA. To perform these experiments, we used a strain in which the CDC14 gene was modified to encode a protein with three HA epitopes at its C terminus (Shou et al., 1999) . Immunoprecipitation of Cdc14-HA3 or Sir2 from formaldehydecross-linked cells using anti-HA and anti-Sir2 antibodies, respectively, coprecipitated rDNA with a similar efficiency but did not coprecipitate CUP1 or ACT1 DNA (Figures 4A and 4B) . Similar results were obtained using primers that amplified fragments from a different region within the 25S rDNA or from the rDNA nontranscribed spacer (data not shown). Similar to Net1-HA3 and unlike Sir2, Cdc14-HA3 did not cross-link to telomeric DNA ( Figure 4B ). As described above for Sir2, the cross-link- 
in the Nucleolus
We examined the subcellular localization of the Net1 protein tagged at its C terminus with either 3 HA epitopes was performed in a sir4⌬ strain, because in sir4⌬ cells, (Net1-HA3) or the green fluorescent protein (Net1-GFP).
Sir2 localizes exclusively to the nucleolus (Gotta et al., Immunofluorescence detection showed that both Net1-1997), making it easier to distinguish the details of its HA3 and Net1-GFP localized to a tightly restricted substaining pattern. As expected from the biochemical indomain in the nucleus that overlaps the location of Nop1, teraction of Sir2 and Net1, we observed that Sir2-GFP a well-characterized nucleolar marker (Figures 5A-5H in the nucleolus is lost at the end of mitosis. We therefore staining appeared as a series of dots often arranged asked whether Sir2 was similarly released from the nuin string-, ring-, or rod-like structures (Figure 5D-5H) .
cleolus. Surprisingly, most of the Sir2 signal was delocalOptical sectioning and image reconstruction showed ized from the nucleolus and appeared as foci dispersed that Net1 was localized to a fibrous structure that forms throughout the nucleus in anaphase ( Figure 5H ). In cona subdomain within the Nop1-staining region (Figures trast, Net1-GFP remained associated with the nucleolar 5E and 5F). This staining pattern is reminiscent of the Nop1 staining domain in the same anaphase cells (Figyeast rDNA 
Localization of Nop1
Net1 remains associated with rDNA in sir2⌬ cells ( Figure  3A ) and in cells arrested at the cdc14 block (D. M., Sir2 Is Released from the Nucleolus during Mitosis The Sir2 protein has been previously shown to localize unpublished results), and may therefore play a role in rDNA and nucleolar organization independent of its other to a nucleolar subdomain as well as to telomeric foci located near the nuclear periphery (Gotta et al., 1997) .
functions. To test this idea, we determined whether NET1 was required for maintaining nucleolar organizaWe also tested the localization of Sir2 to the fibrous nucleolar subdomain containing Net1. This experiment tion by comparing the staining pattern of Nop1 in NET1 ϩ
(E and F) 3D image reconstruction of optical sections showing the colocalization of Net1-GFP with Nop1 in interphase and anaphase cells, respectively. (G and H) sir4⌬ cells showing the colocalization of Net1-HA3 with Sir2-GFP in interphase (G) but not anaphase cells (H). Color frames in (C), (D), and the bottom frame of panels (E) and (F), are merged images of DAPI (blue), FITC (green)
, and rhodamine (red) channels shown separately in black and white. In each case, Net1-HA3 and Nop1 were detected using anti-HA and anti-Nop1 primary antibodies and a rhodamineconjugated secondary antibody; Net1-GFP and Sir2-GFP (E and F) were detected using an anti-GFP primary antibody and a FITC-conjugated secondary antibody. Scale bar, 2 m. washed once with 1 ml lysis buffer and twice with 1 ml 50 mM HEPES-KOH (pH 7.5), 150 mM NaCl, 1 mM EDTA, resuspended in frame (ORF) containing mutations S65→T and V163→A was PCR amplified from pAFS135 as an EagI-HindIII fragment (Straight et al., 15 l of 2ϫ SDS sample buffer, and heated to 85ЊC for 10 min. Six microliters of each sample was loaded on 8.5% SDS polyacylamide 1998). The HA tag in pDM239 was replaced with the EagI-HindIII GFP fragment to produce pDM266. pDM266 was linearized with gels for Western analysis. Protein was blotted to PVDF membranes, and membranes were probed with mouse anti-HA, mouse or rabbit BglII and transformed into yeast to produce NET1-GFP strains (DMY758). To tag Sir2 with GFP at its C terminus, a 405 bp EagIanti-Sir2, and rabbit anti-Sir3 and anti-Sir4. Horseradish peroxidase-coupled secondary antibodies and the ECL chemiluminesHindIII DNA fragment corresponding to the C-terminal 135 amino acids of Sir2 was PCR amplified and subcloned in frame with GFP cence reagents (Amersham) were used for Western detection. In these experiments, 80%-90% of Sir2 and Net1-HA3 were depleted into the EagI-HindIII site of pDM266 to produce pDM268, which was linearized with StuI and transformed into yeast to produce SIR2-from the extract using anti-Sir2 and anti-HA antibodies, respectively. Immunoprecipitation of Myc9-Net1 was carried out using the 9E10 GFP strains (DMY752, DMY792, and DMY793). Correct integration was confirmed by PCR and all PCR-amplified DNA regions used for anti-Myc monoclonal antibody as described in Shou et al. (1999) . generating fusion proteins were sequenced to insure that they were free of PCR-introduced errors. The MYC9-NET1 strain has been Silencing Assays described (WY53; Shou et al., 1999) .
rDNA and telomeric silencing were assayed as described ( Cells were harvested by centrifugation, resuspended in 400 l of dard protocol previously described (Pringle et al., 1991). Net1-HA3 was detected using a monoclonal anti-HA antibody (HA.11, Babco) lysis buffer (50 mM HEPES-KOH [pH 7.5], 500 mM NaCl, 10% glycerol, 0.5% NP-40, 1 mM EDTA, 2 mM Bezamidine-HCl, 1 mM PMSF, at 1:1000 dilution. Net1-GFP and Sir2-GFP were detected using an affinity-purified rabbit polyclonal anti-GFP antibody at 1:5000 and 1 g/ml each pepstatin, leupeptin, and bestatin. Cells were lysed in 1.5 ml plastic tubes by agitation with 1 ml of 0.5 mm glass dilution or directly through GFP autofluorescence. Nop1 was detected using a mouse monoclonal antibody (kindly provided by John beads (Sigma) for 30 min at 4ЊC, centrifuged at 14,000 rpm in a microfuge, and the supernatant was transferred to a new tube (Kaff- 
